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ABSTRACT: The optical control of polarization switching is
attracting tremendous interest because photoirradiation stands out
as a nondestructive, noncontact, and remote-control means
beyond an electric or strain field. The current research mainly
uses various photoexcited electronic effects to achieve the
photocontrol polarization, such as a light-driven flexoelectric effect
and a photovoltaic effect. However, since photochromism was
discovered in 1867, the structural phase transition caused by
photoisomerization has never been associated with ferroelectricity.
Here, we successfully synthesized an organic photochromic
ferroelectric with polar space group Pna21, 3,4,5-trifluoro-N-(3,5-
di-tert-butylsalicylidene)aniline, whose color can change between
yellow and orange via laser illumination. Its dielectric permittivity
and spontaneous polarization can be switched reversibly with a photoinduced phase transition triggered by structural
photoisomerization between the enol form and the trans-keto form. To our knowledge, this is the first photoswitchable
ferroelectric crystal to achieve polarization switching through a structural phase transition triggered by photoisomerization. This
finding paves the way toward photocontrol of smart materials and biomechanical applications in the future.

■ INTRODUCTION

Ferroelectricity, identified by switchable spontaneous polar-
ization (Ps), has revolutionized important technologies such as
memory elements and continues to generate novel functional
materials and intriguing phenomena.1−3 Since Valasek discov-
ered ferroelectricity in Rochelle salt in 1920, ferroelectric
materials have been used extensively in many fields, such as
surface acoustic wave devices, electro-optic photonic devices,
pyroelectric infrared detectors, medical ultrasound equipment,
and nonvolatile memories.4−9 A ferroelectric is usually a
thermodynamic structural phase transition material, which can
undergo a reversible paraelectric−ferroelectric phase transition
in response to temperature, resulting in the appearance and
disappearance of spontaneous polarization.10−19 Such structural
phase transitions induced by temperature have been well
studied, and there are also many ferroelectrics that can exhibit
structural transitions when they are subjected to changes in
pressure, composition, and magnetic field.20−25 As a non-
destructive, noncontact, and remotely induced medium, light
has long been a coveted manipulation tool. However, until now,
no ferroelectric materials have been found to undergo a
photoinduced structural phase transition that can cause
polarization switching.
At present, the research on the optical control of polarization

switching has basically focused on inorganic ferroelectrics.26−31

They mainly rely on various photoexcited electronic effects to
realize the photocontrol polarization, such as a light-driven
flexoelectric effect and the mediation of a photovoltaic
effect.26−31 For example, the rapid formation of surface strain
and subsequent flexoelectricity achieved by photoirradiation can
induce lattice vibrations and eventually metastable ferroelec-
tricity in the quantum paraelectric SrTiO3.

32 However, intrinsic
ferroelectric properties resulting from structural phase tran-
sitions directly driven by light have never been reported. It is
noted that there is a class of important organic materials that can
display photochromism in the crystalline state, represented by
Schiff bases of salicylaldehyde with amines.33−37 Photochrom-
ism originates from photoinduced geometrical isomerization
such as trans−cis or enol−keto isomerization, which can trigger a
type of photoinduced structural phase transition different from a
thermodynamic transition.38,39 Under the necessary condition
of ensuring that compounds crystallize in one of the 10 polar
point groups,1 these types of materials could be regarded as
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kinds of photoswitchable ferroelectrics, whose polarization
would be expectedly switched by the reversible structural
photoisomerizations.
In this work, we successfully synthesized a single-component

organic compound, 3 ,4 ,5 - t r ifluoro-N -(3 ,5-d i - t er t -
butylsalicylidene)aniline (TFTBSA), which can crystallize in
the polar space group Pna21 (TFTBSA-1) and the centrosym-
metric nonpolar space group P21/n (TFTBSA-2) under various
crystal growth conditions (Table S1 and Figure S1). Upon
ultraviolet (UV) light irradiation of 365 nm, the color of
TFTBSA-1 crystals can change from yellow to orange (Figure
1), while that of TFTBSA-2 crystals stays almost the same

(Figure 1 and Figure S2). Solid-state ultraviolet−visible (UV−
vis) absorption and infrared (IR) spectra confirm that TFTBSA-
1 undergoes a photoinduced phase transition accompanied by a
reversible structural photoisomerization between the enol form
and the trans-keto form, which is impossible to be realized in
inorganic ferroelectrics. Under the remote-control photo-
irradiation, the dielectric permittivity and spontaneous polar-
ization can be switched reversibly by structural photoisomeriza-
tion. To the best of our knowledge, this is the first
photoswitchable ferroelectric to achieve polarization switching
through a structural phase transition triggered by photo-
isomerization. These attributes hold promise for on-chip optical
interconnects and optoelectronic logic-in-memory devices40,41

and will bring revolutionary changes to the photocontrol of
smart materials and biomechanical applications in the future.

■ RESULTS AND DISCUSSION
We also synthesized two single-component organic compounds,
3,4,5-trifluoro-N-(salicylidene)aniline (TFSA) and N-(3,5-di-
tert-butylsalicylidene)aniline (TBSA). TFSA crystallizes in the
same centrosymmetric nonpolar space group P21/n as that of
TFTBSA-2, which does not meet the necessary conditions for

becoming a ferroelectric that crystals must crystallize in one of
the 10 polar point groups, 1 (C1), 2 (C2), m (Cs), mm2 (C2v), 4
(C4), 4mm (C4v), 3 (C3), 3m (C3v), 6 (C6), and 6mm (C6v)
(Table S1, Figure 1, and Figure S3). Hence, both TFSA and
TFTBSA-2 can not obtain ferroelectricity at room temperature.
Although TBSA crystallizes in the same polar space group Pna21
as that of TFTBSA-1, which has been reported previously by
Uddin Ahmad et al.,42 it does not undergo either a
thermodynamic structural phase transition or a photoinduced
transition (Table S1, Figure 1, and Figure S4). We thus failed to
observe ferroelectric domains and polarization switching before
or after UV light illumination of 365 nm. Consequently, it is
necessary for a compound to crystallize in a polar point group
and have photoisomerization at the same time to achieve
photocontrolled polarization switching.
A crystal structure determination reveals the TFTBSA-1

adopts the enol form with the CN double bond in the trans
configuration at room temperature, stabilized by an intra-
molecular O−H···N hydrogen bond (Figure S5). The light-
driven phase transition might be induced by the molecular
photoisomerization from the enol form to the trans-keto form
(Figure 1). However, because the conversion ratio of this
photoisomerization is insufficient for an X-ray structure
determination, the detected structure is still composed of almost
all enol molecules, and the pure trans-keto molecules cannot be
isolated, giving almost the same cell parameters in the crystal
structures before and after UV light illumination of 365 nm
(Table S2). Fortunately, the trans-keto molecules can be
determined by other measurements and calculations (Figure 2).
We first calculated the HOMO (highest occupied molecular

orbital) and LUMO (lowest unoccupied molecular orbital) of

Figure 1. Chemical structures and physical properties of TFTBSA,
TFSA, and TBSA (tBu = tert-butyl). Enol−keto photoisomerization
exists in TFTBSA-1. The enol form is converted into the trans-keto
form by UV light irradiation of 365 nm. The trans-keto form returns to
the enol form upon visible light irradiation or light irradiation of 488
nm.

Figure 2. (a) HOMO and LUMO of the TFTBSA-1 molecule. (b)
Experimental UV−vis spectra of TFTBSA-1 under ambient conditions
and after UV irradiation. (c) Calculated UV−vis spectra of TFTBSA-1
with enol, cis-keto and trans-keto forms, respectively. (d) Experimental
IR absorption spectra of TFTBSA-1 under ambient conditions and after
UV irradiation. (e) Calculated IR absorption spectra of the TFTBSA-1
series with enol, cis-keto, and trans-keto forms, respectively.
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the TFTBSA-1 molecule to get a deep insight into its electronic
structure (Figure 2a). From the HOMO of the TFTBSA-1
molecule, the electron density is mainly distributed on the
benzene ring from the salicylaldehyde part. In comparison with
the HOMO, the LUMO has a significant shift to the C−N
direction. The resultant energy gap between HOMO and
LUMO is 0.14296 hartree, corresponding to an energy of 3.89
eV, which corresponds to absorption at a wavelength of 319 nm.
Solid state UV−vis absorption spectra were recorded before

and after UV irradiation to investigate the variation of the color
change (Figure 2b). Under ambient conditions, TFTBSA-1
crystals absorb light of less than 450 nm, in good accordance
with their yellow appearance. However, under UV irradiation, a
new absorption band emerges from 450 to 580 nm, which is
consistent with the orange color. Therefore, the photochromic
effect should be attributed to the appearance of new absorption
bands after UV irradiation. In addition, the calculated UV−vis
spectra of molecular configuration of enol and cis- and trans-keto
forms reflect obvious differences (Figure 2c). The absorption
peak centered at a wavelength of 311 nm in the enol form is close
to the 319 nm estimated by the HOMO and LUMO. In
comparison with the enol form, the cis- or trans-keto form
displays new absorption bands at long wavelengths (400−550
nm). This huge signal change originates from the great
conformational change of the molecule after UV illumination,
which leads to a corresponding change in the electronic
transition of TFTBSA-1 molecules.
We also examined the time-related solid state UV−vis

absorption spectra of TFTBSA-1 to monitor the photoreaction
process. As shown in Figure S6a, a new absorption band emerges
from 450 to 580 nm and reaches saturation within 20 s under UV
irradiation (λ = 365 nm), indicating the completion of the
photoreaction equilibrium from the enol form to the keto form
under this condition. Under visible light irradiation of 488 nm,
the keto photoproduct quickly recovers to the initial enol form
within 8 s (Figure S6b). The photoreaction rate of TFTBSA-1
obviously decreased rapidly with an increase of illumination
time, indicating that most of the enol−keto phototransforma-
tion was completed during the initial 3−5 s (Figure S7).
Moreover, we obtained the spectra of both a TFTBSA-1 film and
a polycrystalline sample before and after UV irradiation to
estimate the reaction yield (Figure 2b and Figure S8). First, we
assume that, in the initial state, the UV−vis absorption spectrum
has no absorption at 450−580 nm, which corresponds to a
enol−keto conversion rate of 0%; when the photoreaction yield
reaches 100%, the absorption peak of the trans-keto form
photoproduct at 450−580 nmwill be the highest value from 200
to 800 nm.43,44 On the basis of this assumption, after the spectral
data are normalized, it can be roughly inferred that the
conversion rates of powder samples and film samples are at
most about 88% and 37%, respectively (Table S3). The high
conversion ratio of powder samples is because the diffuse
reflection mode basically measures the UV−vis absorption
spectrum of the sample surface. Although the conversion ratio
from the enol form to the trans-keto form is not high for the
crystals, the photoisomerization of the sample surface should be
basically complete.
To explore the origin of changes in molecular conformation

before and after UV illumination, we measured and calculated
the infrared (IR) spectra of TFTBSA-1. The most obvious
change in IR spectra is that a new absorption peak centered at
3425 cm−1 appears after UV irradiation (Figure 2d). According
to the experimentally measured single-crystal X-ray diffraction

structure, we constructed several different molecular conforma-
tions: enol, cis-keto, and trans-keto forms (Figures S9−S11).
Further frequency calculations reflect that only the trans-keto
form displays a peak at a range greater than 3100 cm−1 (Figure
2e). The calculated wavenumber (3420 cm−1) is attributed to
the free N−H stretching vibration, which is close to the
measured IR absorption peak. Due to the formation of an N−
H···O hydrogen bond, the cis-keto form has no free N−H
stretching vibration mode. Therefore, the most likely change of
the molecule is the change from the enol form to the trans-keto
form. We thus calculated the dipole moment of enol and trans-
keto configurations before and after light irradiation (Figure 3a).

Under ambient conditions, TFTBSA-1molecules adopt the enol
form with 3.47 D. After light illumination of 365 nm, the
molecular dipole moment increased to 4.42 D as the molecule
transformed tothe trans-keto form. Further illumination with
488 nm light can transfer the trans-keto form back to the enol
form.
A differential scanning calorimetry (DSC) analysis reflects

that there is no phase transition before themelting point of 375.6
K in TFTBSA-1 (Figure S12a). Moreover, the real part (ε′) of
the complex dielectric constant of TFTBSA-1 remains the same
and shows no obvious anomalies at different frequencies in the
heating run, further proving that no thermal phase transition
exists (Figure S12b). The above results have shown that
TFTBSA-1 undergoes an enol−keto transition after UV
illumination; thus, the dielectric permittivities ofthe two forms
should also be different. As shown in Figure 3b, the real part ε′ of

Figure 3. (a) Schematic diagram of the molecular conformation
transformation of TFTBSA-1. The blue arrow in the molecule indicates
the direction of the molecular dipole. (b) The real part of the complex
dielectric constant of TFTBSA-1 at room temperature: the initial state,
the state after UV illumination of 365 nm, and then the state after visible
illumination of 488 nm.
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the dielectric constant at 500 Hz remains at about 4.65−4.70 in
the enol form and exhibits a slow drop to 4.25−4.30 with the
approach of UV light irradiation of 365 nm for about 2 min,
corresponding to the trans-keto form. After visible light
irradiation of 488 nm for about 3 min, the real part ε′ can
gradually return to its original state. Therefore, the enol−keto
transition under UV and visible illumination results in a
dielectric switching between the high-dielectric state (the enol
form) and the low-dielectric state (the trans-keto form).
The second-harmonic generation (SHG) signal was obtained

to detect the crystal symmetry of TFTBSA, where TFTBSA-1
displays an active SHG signal with an intensity about one-fifth of
that of KH2PO4 (KDP) at room temperature, correponding well
to the polar point group mm2 (C2v) in the structure (Figures S4
and S13a), while a noise-level signal was observed in TFTBSA-2,
agreeing well with the centrosymmetric point group 2/m (C2h)
(Figure S13b). Ferroelectricity might be realized in the crystals
that adopt a polar point group, such as the polar mm2 (C2v)
point group for TFTBSA-1. To confirm this, we carried out
polarization−electric field (P−E) hysteresis loop measurements
for TFTBSA-1. Using the double-wave method,45 we observed a
well-shaped P−E ferroelectric hysteresis loop for the TFTBSA-1
thin film at room temperature in the dark, providing solid proof
for ferroelectricity in TFTBSA-1 (Figure 4). The measured

spontaneous polarization Ps of TFTBSA-1 obtained from the
hysteresis loop is about 0.87 μC cm−2, close to that of the
recently discovered two-dimensional and three-dimensional
lead halide perovskite ferroelectrics [4,4-difluorohexahydroaze-
p i n e ] 2 P b I 4 ( 1 . 1 μ C c m − 2 ) a n d [ 2 -
trimethylammonioethylammonium]Pb2Cl6 (1.0 μC cm−2) and
larger than that of Rochelle salt (0.25 μC cm−2).46−48 The
coercive electric voltage is about 132 V for an ∼33.8 μm thick
film, corresponding to a coercive field of 39.1 kV/cm. Upon UV
light irradiation of 365 nm, the P−E hysteresis loop does not
change significantly, probably because the conversion ratio of
photoisomerization is not high.
In order to estimate the ferroelectric polarization of the

crystal, we first calculated the vector sum of the dipole moments
of the molecules in the unit cell. As shown in Figure S9, the
dipole moment of TFTBSA-1 is 3.47 D. Taking into account the

arrangement and dipole orientation of the molecules in the unit
cell, we estimate the total polarization value to be about 1.26 μC
cm−2. Furthermore, we employed the Berry phase method to
gain a more accurate value of ferroelectric polarization, from
which polarization with 1.85 μC cm−2 along the c axis can be
extracted. However, the polarization along the a and b axes is
zero, which is in good accordance with the symmetry
requirement of space group Pna21. The difference in the
computed polarizations between the vector sum of the dipole
moments and the Berry phase method can be attributed to the
neglected intermolecular interactions and stacking effects from
the former.
To further prove the ferroelectricity of TFTBSA-1, two effects

have to be demonstrated: the existence of domains with different
orientations of polarization and hysteretic switching between
the opposite domain states by electric fields. The piezoresponse
force microscopy (PFM) technique enables the visualization
and control of ferroelectric domains, as well as direct
measurements of the local ferroelectric hysteresis loop.49−51

Hence, we performed PFM measurements to investigate the
ferroelectric behavior of TFTBSA-1. Figure 5a,b shows the PFM
images taken after electrical poling over the central region with a
tip voltage of +100 V, which present a long-lasting bistable
domain pattern separated by a clear domain wall. Further, a box-
in-box domain pattern was written via the application of a tip
voltage of −80 V over the center region of the newly generated
yellow domain (Figure 5c,d). During the poling processes, the
surface morphology of the TFTBSA-1 thin film displays no
obvious damage (Figure 5e). These results suggest that the
polarization in TFTBSA-1 is switchable.
In addition, PFM switching spectroscopy was used tomeasure

the corresponding hysteresis loops. Figure 5f−h shows the PFM
amplitude and phase loops for TFTBSA-1 at the initial state,
after UV light illumination of 365 nm, and after visible light
illumination of 488 nm, respectively. The butterfly-shaped
amplitude loops and hysteresis phase loops confirmed the
ferroelectric switching for TFTBSA-1 under these three states.
Next, the optical control of the domains in TFTBSA-1 was

investigated in the thin film samples as well. The out-of-plane
PFM phase image of the initial domain pattern captured in the
dark is shown in Figure 6a. Figure 6b displays the postoptical
poling domain structure, which was acquired immediately upon
UV light irradiation of 365 nm, showing that the purple domains
have become smaller. Then, the purple domains can be entirely
switched to yellow domains after 70 min of continuous laser
exposure of 365 nm (Figure 6c). Subsequently, part of the
yellow domains recovered to the purple domains after visible
light irradiation of 488 nm (Figure 6d). Detailed topography and
PFM amplitude information is given in Figure S14. During the
laser exposure, the morphology of the sample does not change
and the domain walls can be discerned in the corresponding
amplitude images, excluding the artifact imaging. Hence, in this
region, the 365 nm laser illumination favors the formation of
yellow domains, while the 488 nm laser illumination favors the
formation of purple domains.
To exclude the influence of photothermal effect on the

domain structure, and to demonstrate the repeatability of the
process, we subjected another region with poly domains to heat
treatment and laser illumination in turn (Figure S15). The
results ruled out the effect of temperature changes due to laser
exposure and confirmed the repeatability of the optical control
of the domains in TFTBSA-1. Consequently, the photo-
isomerization of TFTBSA-1 should be responsible for the

Figure 4. P−E hysteresis loops of the TFTBSA-1 thin film via a double-
wave method at room temperature under dark conditions and after UV
illumination of 365 nm.
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observed domain evolution under different laser illuminations.
The transformation between the enol and the trans-keto form
under laser exposure can change the polarization in TFTBSA-1
and thus change the domains.
In order to reveal the possible mechanism of ferroelectric

polarization switching, we therefore conducted a systematic
analysis of the crystal structure of TFTBSA-1. As shown in
Figure 7a, TFTBSA-1 molecules align along the a axis in a head-
to-tail manner. C−O and C−N bonds in TFTBSA-1 molecules
both point to the same side, thereby generating spontaneous
polarization along the c axis. Significantly, the adjacent
TFTBSA-1 molecules are stacked in the form of dislocation in
the ab plane, and the distance between the upper and lower

TFTBSA-1 molecules is about 8.16 Å, which leaves enough
space for the flipping movement of TFTBSA-1 molecules,
considering their maximum width of 8.50 Å in the dislocation
and 4.65 Å at the overlap (Figure 7b,c). For a better
understanding of the 180° flip motion of the π-planar molecule
driven by the electric field, we constructed bistable state atomic
structure models with opposite polarizations (Figure S16). The
superposition of two ferroelectric states with opposite polar-
izations forms a reference phase in which the polarization

Figure 5. Electric field induced polarization switching in a TFTBSA-1 thin film. (a) PFM amplitude and (b) phase images after writing the central
region with a +100 V tip voltage. (c) PFM amplitude and (d) phase images after a second electric writing with a −80 V tip voltage. (e) Topographic
image acquired after electric writing. The surface roughness is 14.626 nm for the film morphology. (f−h) PFM switching spectroscopy measurements
for the thin film under dark conditions (f), under UV light irradiation of 365 nm (g)s and under visible light irradiation of 488 nm (h), respectively.

Figure 6. Light-induced manipulation of domains in a TFTBSA-1 thin
film: out-of-plane PFM phase images for (a) aquisition of the initial
domain pattern under dark conditions, (b) immediate acquisition after
UV light irradiation of 365 nm, (c) acquistion after 70 min of
continuous laser exposure of 365 nm, (d) acquisition after visible light
irradiation of 488 nm.

Figure 7. (a) Packing diagram of TFTBSA-1 at 293 K along the b axis.
(b) Packing diagram of TFTBSA-1 at 293 K in the ab plane. (c)
Molecular structure of TFTBSA-1, showing its longitudinal length.
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completely cancels out (Figure S16b). This reference phase with
zero polarization resembles a configuration with dual orientation
disorder. A similar 180° flip motion of the π-planar molecule
exists in the supramolecular rotator ferroelectric (m-
fluoroanilinium)(dibenzo[18]crown-6)[Ni(dmit)2] (dmit2− =
2-thioxo-1,3-dithiole-4,5-dithiolate).52

The photochromic mechanism of TFTBSA-1 should be
similar to that of other salicylidene aniline derivatives, which
involves the transfer of a proton from the phenolic OH group of
the enol form to the N atom of the imine group, generating the
cis-keto form that is subsequently converted into the trans-keto
form.53,54 The transformation from the cis-keto form to the
trans-keto form might occur via a pedal motion in a manner
similar to the thermal motion of azobenzene crystals.55 In
comparison to TBSA, three F atoms on the aniline ring of
TFTBSA-1 have superelectronegativity, which makes the
electron cloud on the benzene ring and the lone pair on the
imine N atom deviate to the side of F atoms and finally weakens
the O−H···N hydrogen bonding interaction (Figure S17). With
the weakening of the hydrogen-bonding interaction, the energy
barrier for the enol−keto transition of TFTBSA-1 is lower than
that of TBSA, which makes it occur more easily.33 Moreover, as
shown in Figure 7a and Figure S18a, TBSA shows an X-shaped
cross arrangement in the ac plane, while TFTBSA-1 is in a
parallel arrangement, which makes TBSA more compact in
stacking. Meanwhile, there are weak interactions between
adjacent TBSA molecules, which greatly hinder the progress
of its photochromic reaction (Figure S18b). Hence, the
synergistic effect of molecular arrangements and the intra- and
intermolecular interactions causes difficulty for TBSA to
produce photochromic behavior.

■ CONCLUSION
In summary, we present the reversible optical control of
polarization switching in a photoswitchable organic ferroelectric
crystal. Such a photoinduced polarization switching is caused by
a reversible photoresponsive structural phase transition with
enol−keto photoisomerization. It can be achieved by simple
photoirradiation without resorting to specific conditions. This
finding provides a new mechanism and material system for
optically controlled ferroelectric polarization switching, which
holds promise for a new generation of optical ferroelectric
devices. It is foreseeable that more photoswitchable ferroelectric
crystals will be developed, which are expected to be capable of
competing with polarization switching achieved by applying an
electric or strain field.
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